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Abstract
The plant hormone auxin controls root epidermal cell development in a concentration-dependent
manner 1-3. Root hairs are produced on a subset of epidermal cells as they increase in distance
from the root tip. Auxin is required for their initiation 4-7 and continued growth 8-11, but little is
known about its distribution in this region of the root. Counter to the expectation that hair cells
might require active auxin influx to ensure auxin supply, we did not detect the auxin-influx
transporter AUX1 in root-hair cells. A high level of AUX1 expression was detected in adjacent
non-hair cell files. Non-hair cells were necessary to achieve wild-type root-hair length, although
an auxin response was not required in these cells. 3D modelling of auxin flow in the root tip
suggests that AUX1-dependent transport through non-hair cells maintains an auxin supply to
developing hair cells as they increase in distance from the root tip and sustains root-hair
outgrowth. Experimental data support the hypothesis that, instead of moving uniformly though the
epidermal cell layer 3,12, auxin is mainly transported through canals that extend longitudinally into
the tissue.
Precise temporal control of developmental processes is essential for the production of
complex, repeatable cell morphologies. The root epidermis of Arabidopsis consists of two
cell types, hair and non-hair, that are found in files that run the length of the root (Fig. 1a).
Root hairs are long, thin outgrowths that emerge from the surface of epidermal cells. The
specialized shape of root-hair cells is likely to be important for efficient water and nutrient
uptake. Variation in environmental conditions can alter the morphology of hair cells, in the
simplest instance affecting the length of the hair 13. The tube-like structure of the hair is
gradually extended by growth at its tip. Duration of tip growth affects the final length of the
hair 4.
As root-epidermal cells mature their distance from the root tip increases. Cells undergoing
division, elongation and differentiation are found in longitudinal zones of the root (Fig. 1a).
A concentration maximum of the plant hormone auxin is found in the root tip1. Auxin is
transported in an acropetal (tipwards) direction in the stele, redistributed in the root tip and
transported in a basipetal (shootwards) direction in the lateral root cap and epidermis (Fig.
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1a) 2. With sufficient movement of auxin from the basipetal to the acropetal stream,
mathematical modelling demonstrates a reflux loop is created sufficient to establish and
maintain local auxin concentrations and zonation of developmental activity in the two most
apical zones of the root 3. Root-hair growth is observed in the differentiation zone of the
root, the most basally located developmental zone (Fig. 1a). Initiation of root-hair growth is
dependent on auxin 5-7 and the relative amounts of two antagonistically acting AUX/IAA
transcription factors, AXR3 and SHY2, which are degraded in response to auxin 4. Initiation
is followed by a period of rapid outgrowth. Addition of exogenous auxin increases root-hair
length, while inhibition of auxin signalling or disruption of auxin transport results in a
decrease in root-hair length 8,9. Experiments in which the intracellular auxin concentration
of developing root-hair cells was manipulated indicate a strong positive relationship between
auxin concentration and root-hair outgrowth 10,11. These data suggest that the differentiation
zone represents a region of the root within which spatial distributions of AUX/IAAs and
auxin promote root-hair growth. However, little is known about the distribution or
movement of auxin in this region of the root.
Auxin distribution is controlled by the movement of auxin into and out of individual cells.
Protonated auxin enters cells from the cell wall by diffusion, while the ion enters via the
activity of AUX1/LAX auxin-influx facilitators. AUX1 activity increases efficiency of auxin
uptake compared to diffusion alone, allowing accumulation and efficient transport of auxin
within tissues 12,14,15. At cytoplasmic pH auxin is almost completely deprotonated and as a
result requires active transport to move across the plasma membrane and out of the cell.
Asymmetric subcellular localization of the PIN family of auxin efflux carriers 16 therefore
creates directional movement of auxin 2,17. Some P-glycoproteins also have auxin-
transporting capabilities 11,18, but their physiological role is less clear. Although AUX1 and
PIN2 are expressed in the root epidermis 2,6,19,20, relative hair and non-hair expression
levels are unclear. We studied the expression of functional AUX1-YFP under the control of
the AUX1 promoter (AUX1::AUX1-YFP) 21 and functional PIN2-GFP under the PIN2
promoter (PIN2::PIN2-GFP) 22 in the elongation and differentiation zones of the root. Since
auxin is essential for root-hair elongation and AUX1 seems important for auxin
accumulation in the epidermis 12,15, the naïve expectation is that AUX1-YFP should be
expressed at high levels in hair cells. Surprisingly, AUX1-YFP was undetectable above
background fluorescence in hair cells, whilst strong YFP signal was observed in non-hair
cells (Fig. 1b). AUX1 expression was first observed in the epidermis as it emerges from
under the root cap, from which point cell file specific stripes were visible (Fig. S1). We
observed PIN2-GFP signal in both cell types (Fig. 1c).
Despite the absence of detectable AUX1-YFP in hair cells, the average root-hair length of
the aux1-22 null mutant 21 was shorter than wild type (Fig. 2a,b,d), but could be increased
by the application of exogenous auxin (Fig. S2). This agrees with previous descriptions of
mutant aux1 alleles 8,9. Transgenic expression of AUX1-YFP under the control of a root-
hair-specific promoter has previously been shown to increase the length of root hairs 11
indicating that AUX1 can directly affect root-hair length by affecting the concentration of
auxin in root-hair cells. However, we found that introduction of the AUX1::AUX1-YFP
construct, which is undetectable in hair cells, was sufficient to increase aux1-22 root-hair
length (Fig. 2c,d).
AUX1 is expressed in the stele, where it is thought to be associated with the accumulation of
auxin in the root tip 19, and in the lateral root cap and epidermis 19 where it is essential in
establishing the supply of auxin to developing epidermal cells 12. Consistently, GUS
expression from the auxin responsive reporter IAA2::GUS 19 was found to be more intense
in the root tip 12 and the differentiation zone of wild-type roots than of aux1-22 roots (Fig.
2e-f). Within the aux1-22 genotype the most intense staining was observed in individuals
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that also produced the longest hairs (Fig. S3), suggesting that one or both of the observed
auxin responses may be associated with root-hair growth.
To determine whether acropetal or basipetal transport is required for root-hair growth,
functional HA-tagged AUX1 was introduced into the aux1-22 background under the control
of tissue-specific promoters using a GAL4 transactivation approach 12. Expressed under the
control of a stele-specific promoter (J1701) HA-AUX1 was not able to increase the average
length of aux1-22 root hairs, but under the control of a promoter active in the lateral root cap
and epidermis (M0028) aux1-22 root-hair length was increased (Fig. 2g). This suggests
basipetal auxin transport (M0028) rather than acropetal transport (J1701) is important for
root-hair growth and indicates that the auxin response in the differentiation zone may be
important. Interestingly, when expressed under a root-cap-specific promoter (M0013), HA-
AUX1 did not increase root-hair length (Fig. 2g) indicating that AUX1 may be required in
both the epidermis and lateral root cap to induce wild-type root-hair growth.
We next investigated the role of non-hair cells in the control of root-hair growth. In the
werewolf/myb23 (wer/myb23) mutant every epidermal cell develops as a hair cell 23 (Fig.
3b). Expression of the AUX1::AUX1-YFP construct was detected in the stele and root cap,
but not the epidermis (Fig. S4). wer/myb23 root hairs were found to be shorter than wild-
type hairs (Fig. 3a-c), but increased to a length equal to wild type upon application of auxin
(Fig. S5). This suggests that the length of wer/myb23 root hairs is restricted by the loss of a
promoting signal produced by non-hair cells. It has previously been shown that interaction
between hair and non-hair cells is essential during the establishment of epidermal cell fate
24. Our results suggest that interaction between non-hair cells and hair cells is also required
to sustain root-hair development.
While non-hair cells were found to promote root-hair growth, an auxin response was not
required in this cell type. The gain-of-function axr3-1 mutation blocks auxin response in
root tissues 12 and prevents root-hair development 4,25 (Fig. 3d). Expression of axr3-1 in
epidermal initials and non-hair cells using a transactivation driver line (J2301) (Fig. 3g) did
not prevent root-hair initiation or growth (Fig. 3e, S6), although expression of the same
construct throughout the root did (J0491) (Fig. 3 f,h, S6). Taken together with the expression
pattern of AUX1 in the epidermis and the role of intracellular auxin in promoting root-hair
elongation 10,11, the simplest explanation of these results is that non-hair cells affect the
supply of auxin to hair cells.
To predict auxin distribution in the developing epidermis we incorporated the observed
AUX1 expression pattern into a computer model of auxin transport in the elongation and
differentiation zones of the root. The model simulates cells in the outer three layers of the
root (Fig 4a). Auxin movement across the plasma membrane and within the cytoplasmic and
apoplastic compartments is simulated, incorporating both carrier-mediated and diffusive
auxin movement as appropriate. Parameter values are based on available biophysical and
biochemical data as described in the Supplementary Information provided online and in the
online supplement of Swarup et al 2005 12. The model is an improvement of an earlier
model of the root apex 12 in the following ways. First, each hair-cell file overlies a radial
longitudinal wall separating two cortical cells. Contact with this wall, as viewed in
transverse sections of the Arabidopsis root, is the major determinant of hair cell fate 26.
Second, AUX1-mediated influx is only present in non-hair cells. This 3D model allows the
effects of lateral diffusion in the tangential plane of the tissue, essential to understanding
movement between hair and non-hair cell files, to be studied.
The most prominent effect of the AUX1 expression pattern is that non-hair cells accumulate
a much higher cytoplasmic concentration of auxin than hair cells (Fig. 4b). Since the model
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parameters reflect our estimate that AUX1 allows auxin to enter cells ∼10 times faster than
by diffusion alone 14, the concentration in non-hair cells is higher by roughly this ratio.
However, since auxin can enter cells by diffusion, auxin is not completely excluded from
hair cells. If the auxin source at the root apex allows for ∼300 nM auxin in the non-hair
cells, the concentration in hair cells is ∼30 nM. This is well within the measured range of
biological activity in root-hair development assays 10,27 (see Online Supplementary
Information). Auxin flux, which is calculated as the product of auxin concentration and
auxin-transport speed, will also be higher through non-hair cell files than in hair cell files.
However, the small amount of flux created by the expression of PIN2 in hair cells may still
be important in preventing auxin from pooling in these cells 28 and in determining their
polarity 6. Interestingly, an intracellular auxin gradient is predicted in both hair and non-hair
cells.
Fig. 4c shows our model of the aux1 mutant. Loss of AUX1 from non-hair cells means that
all epidermal cells have uniform auxin transport capacity and auxin distribution in hair- and
non-hair- cell files is identical. The relatively slow rate of influx allows auxin to accumulate
in the cell walls, where it subsequently diffuses from the epidermis into the stele, or out of
the root entirely 12. Consequently, auxin concentration in the epidermis decreases rapidly
with increasing distance from the apical auxin source. Since aux1 plants accumulate a lower
concentration of auxin in the root tip 29 and transport through the root cap is likely to be
reduced 12, 19, the supply of auxin to the elongation zone may also be decreased. The
simulation shown in Fig. 4c assumes that the auxin supply to the elongation zone is reduced
compared to wild type. If the auxin supply is unchanged (Fig. 4d), auxin concentrations in
the aux1 epidermis are uniformly higher, but still drop below the wild-type values ∼500 μm
from the meristem. This may represent auxin distribution in the wer/myb23 mutant, in which
AUX1 is detected in the stele and the root cap, but not the epidermis. In both versions of the
model hair cells in the differentiation zone (>500 μm from the meristem) are supplied with
less auxin if AUX1 is not expressed in non-hair cell files. This is because auxin taken into
non-hair cells through the activity of AUX1 is returned to the cell wall further up the root by
PIN proteins and becomes available to more distant hair and non-hair cells. This is in
contrast to animal systems where increasing the morphogen uptake capacity of cells within a
developing tissue reduces the amount available to more distant target cells 30. An interesting
consequence of this mechanism of auxin delivery is that hair cells can be supplied with
auxin at an increased distance from the root tip without encountering high intracellular auxin
concentrations. Variations to the model assumptions, including weak expression of AUX1 in
hair cells, or axial localization of AUX1, did not change the qualitative conclusions (see
Online Supplementary Information).
Direct measurement of the intracellular concentration of auxin in hair and non-hair cells is
not possible at present. We therefore used plants carrying the auxin-responsive reporter
DR5::GFP to establish an assay for auxin accumulation. Following 4 hours' incubation with
a 1 μM auxin solution (indole-acetic acid), GFP signal in hair and non-hair cells was
detected and quantified. The intensity of GFP signal was higher in wild-type non-hair cells
than in wild-type hair cells, but no difference in the intensity of GFP signal was detected
between hair and non-hair cells in the aux1-22 mutant (Fig. 5a,b). Furthermore, the intensity
of GFP signal in non-hair cells in the aux1-22 mutant was lower than the intensity of GFP
signal in non-hair cells of wild-type plants (Fig. 5a,b). These results are qualitatively
consistent with the model prediction that non-hair cells accumulate a higher concentration of
auxin than hair cells as a result of AUX1 expression. Since DR5::GFP is an auxin-response
reporter rather than a direct reporter of auxin concentration, the significance of the
quantitative discrepancy between the 10-fold predicted difference in auxin concentration and
the observed 1.6-fold difference in GFP expression is unclear. The sensitivity and specificity
of the auxin response is dependent on the expression and interaction of components of the
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auxin-signalling pathway and varies according to developmental context 31. It will be
interesting to identify whether such differences exist between hair- and non-hair cells and to
investigate how DR5::GFP expression relates to the hair-specific auxin response.
Assuming auxin concentration over a threshold is required for root-hair growth, the model
auxin concentrations predict that root hairs will cease to elongate closer to the root tip in
aux1-22 than in wild type. The length of the differentiation zone, measured as the distance
between the first and the last elongating hair within a cell file, was found to be reduced in
aux1-22 plants compared to wild type (Fig. 5c). Furthermore, a positive correlation was
observed between average root-hair length and the length of the differentiation zone
amongst aux1-22 plants (Fig. 5d). aux1-22 root hairs were not found to grow at a
significantly different rate to wild-type root hairs (Fig. S7) suggesting duration of growth, as
determined by the length of the differentiation zone, is likely to account for the difference in
root-hair length. This supports the model-based hypothesis that AUX1 is required to sustain
delivery of root-hair promoting auxin to hair cells as they develop and increase in distance
from the root tip.
The involvement of cell-type specific AUX1 expression in root-hair development highlights
salient consequences of non-homogeneous auxin influx on auxin distribution in the root.
Demonstration that AUX1 expression is required to deliver auxin to the differentiation zone
endorses the finding that in addition to subcellular PIN localization 3, tissue-specific AUX1
expression affects the movement of auxin between the epidermis and the underlying tissues
and the longitudinal distance over which auxin is carried in the epidermis 12. The affect of
non-hair cell specific AUX1 expression on the auxin content of adjacent hair cells also
demonstrates that AUX1 affects the auxin content not only of cells it is expressed in, but of
surrounding cells as well. Previous models assume that auxin flows uniformly throughout
the epidermis 3,12. We show that this is not the case and provide an example of how this
affects development of an agronomically important cell type.
Materials and Methods
Plant growth conditions
AUX1::AUX1-YFP 21, IAA2::uidA auxin reporters 19, lines used in the HA-AUX1
transactivation experiment 12, UAS::axr3 12 and wer/myb23 23 have been described
previously. Driver lines J0491 and J2301 were obtained from the Nottingham Arabidopsis
Stock Centre. PIN2::PIN2-GFP 22 was a kind gift from Dr. C. Luschnig. For phenotyping,
plants were grown on solid growth medium 32 for 5 days. For laser confocal microscopy and
measurement of root-hair elongation rate, seeds were grown for 5 days beneath a thin film of
solid growth medium on a glass coverslip sealed within a humid chamber. All plants were
grown under a regime of 16 hours light, 8 hours dark.
Microscopy
Slides were immersed in 20 μg/mL solution of Propidium Iodide for one hour, and mounted
directly onto the microscope stage of a Leica DM IRBE laser confocal microscope.
Excitation was provided using a 488 nm laser and RSP500 mirror. Emission was measured
between 500-520 nm for GFP and between 515-550 for YFP. The position of epidermal
cells with respect to underlying cortical cells was determined by focusing deeper into the
specimen and observing the position of underying cortical cells. Positioning of epidermal
cells was further confirmed by converting the z-stack into a 3D projection, from which
transverse sections were viewed using Leica Deblur image software.
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For root-hair length measurements, images were taken from above the root using a Leica
MZFLIII microscope and Spot 2.2.1 (Diagnostic Instruments Inc.) camera. Lengths were
obtained from photographs using Image J (http://rsb.info.nih.gov/ij/). The length of 10 hairs
were measured from each plant. Growth rate was measured by imaging growing root hairs
every 30 seconds for a total of ten minutes using a Leica DMIRE2 microscope and Leica
DFC350FX camera. Measurements were made only of hairs greater than 50 μm and less
than 100 μm in length in order to ensure that images represented the period of tip growth.
The length of the differentiation zone was determined by subtracting the distance between
the first epidermal cell upon which a hair was visible and the root tip, from the distance
between the last growing hair in the same file and the root tip. At least two files per root
were observed. Growing root hairs were identified by their characteristic morphology.
GUS Histochemical staining
Five-day-old roots were immersed in staining solution (100 mM Sodium Phosphate, 10 mM
EDTA, 0.5 mM Potassium Ferrocyanide, 0.5 mM Potassium Ferricyanide, 0.1 % Triton
X-100, 0.5 mM X-GlcA) and incubated in the dark at 37 °C for 5 hours. Roots were imaged
before and after staining using a Leica MZFLIII microscope and Spot 2.2.1 camera
(Diagnostic Instruments Inc.).
Computer model
A description of the computer model of auxin transport in the Arabidopsis root is contained
in the Supplementary Information online.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AUX1 and PIN2 expression in hair and non-hair epidermal cells
(a) Schematic diagram showing tissue organization and developmental zones of the
Arabidopsis root. The left-hand side shows a longitudinal section. The right-hand side of the
image shows a surface view of the root. Note that the differentiation zone overlaps the
proximal end of the elongation zone. Root-hair cell files are shown in blue and non-hair cell
files in pink. The root cap is shown in grey. Direction of auxin flow is shown in magenta 2.
(b-c) Confocal fluorescent imaging of auxin transporters in the developing root. From top to
bottom images are representative of the expression pattern in the late differentiation zone,
early differentiation zone, elongation zone and root cap. Cell walls are stained with
propidium iodide (magenta). Scale bars represent 50 μm. (b) Expression of AUX1::AUX1-
YFP (yellow). (c) Expression of PIN2::PIN2-GFP (green).
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Figure 2. Basipetal, AUX1-mediated auxin transport is required for auxin-dependent root-hair
growth
(a-c) Root-hair phenotype of (a) wild-type, (b) aux1-22 and (c) aux1-22 plants transformed
with AUX1::AUX1-YFP (AUX1::AUX1-YFP(aux1-22)). Scale bars represent 500 μm. (d)
Frequency distribution of root-hair lengths in wild-type, aux1-22 and AUX1::AUX1-YFP
(aux1-22) plants. (e,f) GUS stained roots of 5-day-old seedlings of (e) wild-type and (f)
aux1-22 plants carrying the IAA2::GUS auxin response reporter. Double-headed arrow
indicates expected location of differentiation zone. Scale bars represent 500 μm. (g)
Average root-hair length of aux1-22 plants expressing HA-AUX1 in a tissue specific
manner using a transactivation approach. Root-hair length of F1 individuals (J1701>>HA-
AUX1, M0028>>UAS::HA-AUX1 and M0013>>UAS::HA-AUX1) and non-crossed
siblings (UAS::HA-AUX1, J1701, M0028 and M0013) are shown. All parental lines are in
the aux1-22 background. J1701 drives expression in the stele, M0013 drives expression in
the lateral root cap, M0028 drives expression in the lateral root cap and epidermis. Error
bars represent 95 % confidence intervals (n = 260 hairs from 26 roots).
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Figure 3. Non-hair cells are essential for root-hair development, but an auxin response is not
required in non-hair cells
(a-b) Root-hair phenotype of (a) wild-type and (b) wer/myb23 plants. Scale bars represent
500 μm. (c) Frequency distribution of root-hair lengths in wild-type and wer/myb23 plants.
(d-h) Disruption of the auxin response through tissue-specific expression of axr3-1 using a
transactivation approach. (d) Root-hair-less phenotype of axr3-1. Root-hair phenotype of (e)
J2301>>axr3-1 and (f) J0491>>axr3-1 F1 individuals. Scale bars represent 800 μm. (g and
h) Expression pattern of the J2301 and J0491 promoters respectively as demonstrated by
GFP expression. GFP fluorescence is shown in green. Propidium iodide stained cell walls
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are shown in red. J2301 is expressed in non-hair cells, J0491 is expressed throughout the
root. Scale bars represent 50 μm.
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Figure 4. Expression of AUX1 in non-hair cells affects the supply of auxin to hair cells in the
differentiation zone of the root
(a) The left-hand image shows a sketch of the computer model of the Arabidopsis root apex.
The epidermis, cortex, and endodermis are resolved in the elongation and differentiation
zones. Auxin is supplied to the tissue by the proximal end of the lateral root cap (blue) and
transported basipetally by the activity of AUX1 influx carriers (orange) and PIN family
efflux carriers (plum). Cell membranes without influx carriers are shown in grey. Auxin is
free to diffuse through the apoplast (yellow), which forms a continuous compartment
between cells, and through the cytoplasm of cells (green). The right-hand image shows a
transverse section through the model root showing cell geometry. Cells overlying a junction
between two cortical cells are hair (H) cells; cells that do not overly a junction are non-hair
cells (N). AUX1 expression is limited to N cells. (b) Model results showing the
concentration of auxin in N cell files (blue) and H cell files (red) over increasing distance
from the root tip. Dark colours show cytoplasmic auxin concentration, lighter colours show
the apoplastic concentration between cells in a longitudinal file. (c) Model results for the
aux1 mutant (green) superimposed on the wild-type results from panel b, assuming auxin
supply from the cap is 10 % of wild-type. (d) Model results for the aux1 mutant assuming
that the auxin supply from the lateral root cap is unchanged from wild type.
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Figure 5. DR5::GFP expression and root-hair growth dynamics support the model auxin
distribution
(a) Confocal fluorescent image of wild-type and aux1-22 roots carrying DR5::GFP after 4
hours treatment with 1 μM IAA. Non-hair cell files are indicated as N and hair-cell files are
indicated as H. Scale bars represent 25 μm. (b) Graph showing the average pixel intensity of
GFP signal in wild-type and aux1-22 plants expressing DR5::GFP. White bars represent
non-hair cells, grey bars represent hair cells. Averages represent measurements from 4-6
roots. Error bars represent 95 % confidence intervals (n = 50-70 cells). (c) Average length of
differentiation zone in wild type and aux1-22. Error bars indicate 95 % confidence intervals
(n=20) (d) Relationship between average root-hair length and length of differentiation zone
of aux1-22 roots.
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